. The Shh-induced pathway of motor neuron differentiation appears, however, to operate within the context of an independent program of neuro-
Introduction indirect, being required to repress the expression of Nkx2.2 (Ericson et al., 1997) . The assembly of neural circuits in the vertebrate central
The dispensibility of Pax6 for somatic motor neuron nervous system (CNS) is initiated by the generation of generation implies the existence of additional genes that distinct classes of neurons at characteristic positions.
determine somatic motor neuron identity. Moreover, the The specification of neuronal identity in the CNS appears late commitment of progenitors to a somatic motor neuto be controlled by inductive signals secreted by embryron fate suggests that the onset of expression of such onic organizing centers (Lumsden and Krumlauf, 1996;  genes occurs only during the final division cycle of motor Tanabe and Jessell, 1996) . These signals appear to deneuron progenitors. To identify such determinants, we fine neuronal fates by regulating the expression of cellperformed a screen for genes expressed by somatic intrinsic determinants, many of which are transcription motor neuron progenitors and describe here the characfactors (Bang and Goulding, 1996) . However, the pathterization of a novel homeobox gene, MNR2. ways by which specific inductive signals determine the MNR2 is expressed selectively by Pax6 ϩ motor neufate of individual neuronal cell types in the CNS are ron progenitors and persists transiently in postmitotic poorly defined. As a consequence, it is unclear whether somatic motor neurons. The ectopic expression of there are individual transcription factors assigned, in MNR2 in vivo is sufficient to activate a program of soa dedicated manner, to the specification of particular matic motor neuron differentiation characterized by the neuronal subtypes or whether the parallel actions of expression of several homeodomain proteins and Choseveral factors are required.
line Acetyltransferase (ChAT), by the autoactivation of Spinal motor neurons constitute one subclass of CNS MNR2, and by the extension of axons into ventral roots. neuron for which some early differentiation steps have This program of motor neuron differentiation is accombeen defined (Pfaff and Kintner, 1998) . The differentiapanied by the repression of spinal interneuron fates. tion of motor neurons depends on spatial signals proThus, the Shh-triggered differentiation of ventral provided by Sonic Hedgehog (Shh) secreted from the notogenitor cells into somatic motor neurons may be dichord and floor plate (Marti et al., 1995; rected by the expression of a single homeodomain pro-1995; Tanabe et al., 1995; Chiang et al., 1996; Ericson tein, MNR2. et al., 1996) . Shh acts initially to convert medial neural plate cells into a population of ventral progenitors (EricResults son et al., 1996) and later directs the differentiation of ventral progenitors into motor neurons and interneurons
Isolation of MNR2 at distinct concentration thresholds  To identify genes expressed by somatic motor neuron progenitors, we performed a PCR-based differential screen (Dulac and Axel, 1995) of individual newly dif-* To whom correspondence should be addressed (e-mail: tmj1@ columbia.edu).
ferentiated motor neurons on the premise that genes expressed by motor neuron progenitors might persist restricted to motor neurons (see below, Pfaff et al., 1996; Saha et al., 1997) . The MNR2 sequence diverges from transiently in postmitotic motor neurons. Chick neural plate ([i]) explants were grown in HB9 outside the homeodomain ( Figure 1B ; data not shown). vitro for 24 hr, alone or with a concentration of Shh that induces somatic motor neurons (Ericson et al., 1997 The pattern of neural expression of MNR2 was examined in chick embryos from stages 10 to 25. MNR2 expression postmitotic somatic motor neurons ( Figure 1A ). Singlecell cDNA samples derived from [i] explants grown alone was first detected at stage 12 in cells near the floor plate ( Figure 1C ). At this stage, no motor neurons have been were hybridized with Lim2, a homeobox gene marker of spinal interneurons ( Figure 1A) . A cDNA population generated (Langman et al., 1966) , and Isl1 is not yet expressed (Ericson et al., 1992) . The onset of MNR2 amplified from a single Isl1 ϩ , Isl2 ϩ , HB9 ϩ motor neuron ( Figure 1A ) was used to prepare a cDNA library that expression coincides with the time that motor neuron progenitors acquire independence from Shh signaling was screened with probes derived from a single in vitro generated motor neuron or Lim2 ϩ neuron. cDNAs iso- (Ericson et al., 1996) . Between stages 15-20, MNR2 expression was restricted to cells in the ventral spinal lated from plaques that hybridized selectively with the motor neuron-derived probe were cloned and sequenced.
cord and caudal hindbrain, some of which were located medially and others laterally in a domain that overlaps Several genes identified in this manner were expressed in a motor neuron restricted pattern, and we with postmitotic Isl1 ϩ motor neurons (Figures 1D and  1E ; data not shown). describe here the function of one of these, MNR2. MNR2 is a homeobox gene that encodes a homeodomain alWe next examined whether, as predicted by the design of the differential screen, MNR2 is induced by Shh. most identical to that encoded by HB9 ( Figure 1B ; Harrison et al., 1994), a gene whose neural expression is To test this, [i] explants were exposed to Shh, and the expression of MNR2 and Isl1/2 was determined. Inducdefine somatic motor neurons. At spinal cord levels, the initial migration of newly generated motor neurons tion of MNR2 was detected 16 hr after exposure to Shh (data not shown), and by 24 hr, 70 Ϯ 12 (mean Ϯ SEM; occurs in a mediolateral plane (Leber and Sanes, 1995) , and thus the more lateral the position of a motor neuron, n ϭ 4) MNR2 ϩ cells were detected ( Figures 1F and 1G ). In addition, 32% of the induced MNR2 ϩ cells did not the more advanced is its state of differentiation. Between stages 15 and 20, MNR2 was detected medially in express Isl1/2 ( Figures 1G and 1H) , consistent with the earlier onset of MNR2 expression in vivo. These results progenitor cells as well as laterally in postmitotic motor neurons ( Figures 2G-2K , data not shown). The expresshow that Shh induces MNR2.
To provide direct evidence that MNR2 is expressed sion of Isl1 was restricted to postmitotic motor neurons (Figures 2G and 2K; Ericson et al., 1992) but appeared by mitotic cells, we exposed stage 18 embryos to BrdU for 30 min and monitored the expression of MNR2 and prior to HB9 and Isl2 ( Figures 2H, 2I , and 2K; data not shown). In these laterally positioned motor neurons, Isl1 by BrdU ϩ cells. Many MNR2 ϩ , BrdU ϩ cells ( Figure  2A ) but no Isl1 ϩ , BrdU ϩ cells ( Figure 2B ) were detected. MNR2 expression was markedly decreased or absent ( Figures 2H, 2I , and 2K), indicating that MNR2 expresIn addition, a subset of MNR2 ϩ progenitors coexpressed the M-phase marker MPM2 ( Figure 2C ; Westendorf et sion is transient. Lim3 is expressed by postmitotic somatic motor neurons (Figures 2J and 2K; Tsuchida et al., 1994) . MNR2 ϩ progenitors coexpressed Pax6 ( Figure  2D ; data not shown) but were located dorsal to the al., 1994) but is also detected in Pax6 ϩ ventral progenitors and in these cells appears soon after MNR2 (Figures Nkx2.2 ϩ progenitor domain ( Figure 2E ), supporting the idea that MNR2 expression is restricted to the progeni-2J and 2K; data not shown The temporal profile of MNR2 expression was compression might be sufficient to promote motor neuron differentiation in neural cells that have not been exposed pared with that of other homeodomain proteins that to adequate levels of Shh and perhaps even in dorsal homeobox genes present in the spinal cord (Riddle et al., 1995; Burke and Tabin, 1996) . Neither Lmx1b nor progenitor cells that are exposed to antagonistic BMP signals. To test this idea, we misexpressed MNR2 in Hoxc6 induced MNR2, Lim3, Isl1, Isl2, or HB9 (data not shown). Thus, the activity of MNR2 is not mimicked by the neural tube using a replication competent retroviral vector (Morgan and Fekete, 1996) . Embryos were indivergent homeodomain proteins. We next examined whether the ability of MNR2 to fected with MNR2 virus at stages 5-6, permitted to develop until stages 20-27, and the resulting pattern of induce motor neuron markers in the dorsal spinal cord is associated with a change in the early dorsal character motor neuron differentiation was monitored by expression of Isl1, Isl2, HB9, and Lim3. The expression of Isl2 of neural progenitor cells. The ectopic dorsal expression of MNR2 did not repress Pax7 ( Figure 3G ), a marker of and HB9 is restricted to somatic motor neurons (Tsuchida et al., 1994; Pfaff et al., 1996 ; data not shown), dorsal progenitor cells (Ericson et al., 1996) . The detection of Isl2 ϩ , HB9 ϩ , and Lim3 ϩ cells in the extreme dorsal whereas Lim3 is also expressed by ventral (V2) interneurons that are generated immediately dorsal to motor region of the spinal cord ( Figures 3C-3E ) also provides evidence that MNR2 can impose a somatic motor neuron neurons (Figures 2J and 2K; Ericson et al., 1997) . Isl1 is also expressed by dorsal (D2) interneurons (Figures 2G character on neural cells that have been exposed to BMP signals (Liem et al., 1997) . Consistent with this, and 2K; Liem et al., 1997) .
In MNR2-infected embryos examined at stage 23, ecthere was no dorsoventral restriction in the positions at which cells expressing these ectopic homeodomain topic MNR2 ϩ cells were detected in a mosaic pattern throughout the spinal cord ( Figure 3A ; data not shown).
protein markers were found (Figures 3B-3E; data not shown). Ectopic expression of Lim3 and HB9 was also In dorsal regions that contained a high density of MNR2 ϩ cells, many ectopic Isl1 ϩ , Isl2 ϩ , HB9 ϩ , and Lim3 ϩ cells detected in dorsal root ganglion neurons (data not shown), indicating that MNR2 can also activate somatic were detected ( Figures 3B-3E ). All ectopic Isl1 ϩ , Lim3 ϩ , Isl2 ϩ and HB9 ϩ cells coexpressed MNR2 ( Figure 3F ; motor neuron markers in peripheral neurons. The ability of MNR2 to induce motor neuron transcripdata not shown), indicating that MNR2 acts cell autonomously to activate the expression of these homeodotion factors in the dorsal spinal cord leaves open the issue of whether ventral progenitor cells respond to main proteins. To control for the specificity of MNR2 activity, we misexpressed Lmx1b and Hoxc6, two other MNR2 with the expression of motor neuron markers.
The detection of a high incidence of MNR2-induced neurons. In a neuronal context then, MNR2 is an efficient inducer of somatic motor neuron transcription factors: Isl1 ϩ , Isl2 ϩ , and HB9 ϩ cells below the Pax7 boundary suggested that this is the case.
91% of MNR2 ϩ neurons expressed Isl1, 79% expressed Lim3, and ‫%04ف‬ expressed Isl2 and HB9 ( Figure 4H ). Nevertheless, it remained possible that the ectopic location of these neurons arose through their dorsal migration from the normal domain of somatic motor neuron MNR2 Expression Is Autoregulated generation. We therefore examined whether MNR2 can
The onset of MNR2 expression occurs at the time that induce motor neuron transcription factors in ventral promotor neuron progenitors attain independence from Shh genitor cells generated in neural plate explants. Emsignaling (Ericson et al., 1996) . This finding raises the bryos were infected with MNR2 virus at stages 4-5 and possibility that the progression of motor neuron progenipermitted to develop until stage 10, at which time [i] tors to an Shh-independent state involves the expresexplants were isolated and grown in vitro for 24 hr with sion of MNR2. One mechanism by which MNR2 might 0.5 nM Shh. This concentration of Shh is sufficient to establish Shh independence is through the activation of repress Pax7 and generate a ventral progenitor cell state its own expression. (Ericson et al., 1996) , but it is below the threshold for
To test this, we infected embryos with a MNR2 3Ј⌬ motor neuron induction (Ericson et al., 1997 Figures 3B-3E ). This observation, taken together with the normal restriction of Isl1, Isl2, whether these neurons exhibit other aspects of the motor neuron phenotype. We first examined whether MNR2 and HB9 to postmitotic motor neurons ( Figure 2K ), raised the possibility that the induction of these homeocan induce the expression of ChAT, the gene encoding the rate-limiting enzyme in the synthesis of acetylchodomain proteins by MNR2 might require cell cycle exit and the acquisition of a generic neuronal character.
line, the motor neuron neurotransmitter. In control embryos, ChAT expression was restricted to the region To examine this possibility, we first determined the proportion of ectopic MNR2 ϩ cells that expressed Cyn1, occupied by motor neuron cell bodies and their dendrites ( Figures 5A, 5C , and 5E). In contrast, in MNR2-a marker expressed by all spinal neurons soon after cell cycle exit (Ericson et al., 1997) . At stages 20-23, only infected embryos, ChAT was expressed ectopically by cells in the dorsal spinal cord ( Figures 5B, 5D , and 5E). ‫%01ف‬ of ectopic MNR2 ϩ cells expressed Cyn1 ( Figures  4A and 4B ), indicating that most ectopic MNR2 ϩ are Thus, MNR2 induces the gene that defines the transmitter phenotype of motor neurons. progenitors. In contrast, Ͼ98% of MNR2-induced ectopic Isl1 ϩ , Isl2 ϩ , and HB9 ϩ cells coexpressed Cyn1
We next examined whether neurons in the dorsal spinal cord that express MNR2 acquire the motor neuron- (Figures 4C-4E ; data not shown). These findings suggest that the ectopic induction of Isl1, Isl2, and HB9 by MNR2 specific feature of an axonal projection into the ventral root. To assess this, we labeled spinal neurons retrorequires the acquisition of a postmitotic neuronal character, thus conforming to the normal profile of expresgradely by application of FITC-Dextran to the ventral roots of stage 25 embryos. In control embryos, labeled sion of these three proteins in somatic motor neurons. Lim3, in contrast, is normally expressed by ventral proneurons were restricted to the ventral spinal cord (Figures 5F and 5J). In MNR2-infected embryos, many ecgenitors as well as by postmitotic motor neurons. Many MNR2-induced Lim3 ϩ cells could be labeled after a brief topic dorsal MNR2 ϩ , Isl1/2 ϩ neurons were labeled with FITC-Dextran and these neurons projected axons toBrdU pulse ( Figure 4F ), ‫%07ف‬ of MNR2-induced ectopic Lim3 ϩ cells coexpressed Cyn1 (data not shown), and ward the ventral root exit point ( Figures 5G-5J ). In addition, ectopic expression of SC1, a surface marker only 55% of MNR2-induced Lim3 ϩ cells coexpressed Isl1 ( Figures 4E and 4G) . Thus, MNR2 induces ectopic of motor neurons (Tanaka and Obata, 1984) , was detected in MNR2-infected embryos but not in control Lim3 expression in neural progenitors and postmitotic neurons. These findings show that the normal temporal embryos (data not shown). These findings show that MNR2 induces later phenotypic features of somatic morelationship between cell cycle exit and transcription factor expression is preserved in ectopic MNR2-induced tor neurons. 
Ectopic Expression of MNR2 Represses
dorsal to motor neurons. Dorsally, D1 neurons express LH2 (Liem et al., 1997) , and many D2 neurons express Interneuron Fates The detection of ectopic motor neuron differentiation in Brn3.0 (Fedtsova and Turner, 1997) . Ventrally, V1 neurons express En1 (Ericson et al., 1997) , and Lim3 ϩ V2 dorsally located neurons raised the question of whether the interneuronal character of spinal cord neurons is neurons express Chx10 (Ericson et al., 1997) . In MNR2-infected embryos D1, D2, V1, or V2 insuppressed by MNR2. To address this issue, we analyzed the expression of homeodomain proteins that deterneuron markers were not detected in ectopic Isl2 ϩ and HB9 ϩ neurons (data not shown). In regions of the fine four classes of interneurons generated in domains spinal cord in which a high proportion of cells in these
The differing degrees of extinction of these interneuron markers appear to reflect local variation in the density interneuron domains ectopically expressed MNR2, there was a ‫%09-%05ف‬ decrease in the number of cells that of ectopic MNR2 ϩ cells rather than any difference in the efficiency with which MNR2 suppresses individual expressed D1, D2, V1, and V2 neuron markers (Table 1) .
interneuron fates. The induction of somatic motor neuron differentiation by MNR2 is therefore accompanied sufficient to direct somatic motor neuron differentiation. Nevertheless, all MNR2-induced ectopic dorsal Isl2 ϩ 7H). The incidence of ectopic expression of HB9 was and HB9 ϩ neurons coexpressed Isl1 ( Figure 4E ). This markedly increased in the spinal cord of such coinfected observation, together with the requirement for Isl1 in embryos, compared to embryos infected solely with the generation of somatic motor neurons (Pfaff et al., Lim3 (Figures 7J and 7K) . Moreover, Ͼ30% of cells that 1996) , suggested that the ectopic expression of Isl2 and coexpressed Lim3 and Isl1 expressed HB9 ( Figure 7K ), HB9 induced by MNR2 involves Isl1. and these HB9 ϩ neurons were not restricted to any dorTo test this, we analyzed the activity of MNR2 at an soventral position ( Figure 7J ; data not shown). In conearlier stage of development (stage 20). We reasoned trast, ectopic expression of Isl2 was rarely detected after that if Isl1 cooperates with MNR2 in the induction of Isl2
Lim3 and Isl1 coinfection (Figures 7I and 7K ; data not and HB9, then the early onset of Isl1 expression by shown). These results provide evidence that Lim3 and prospective D2 neurons (Liem et al., 1997) Figure  Lim3 at an efficiency similar to that of MNR2 (Figures 6K). Over 70% of these cells coexpressed Isl2 and/or 7L-7N; data not shown). Misexpression of HB9 also in-HB9 ( Figure 6N) . Moreover, the dorsoventral restriction duced the ectopic expression of MNR2 (data not shown), in the position of ectopic Isl2 ϩ and HB9 ϩ neurons evident a result that we interpret to reflect mimicry of the autoafter MNR2 infection was abolished ( Figures 6L, 6M , and regulatory activity of MNR2. These results suggest a 6P). These findings support the idea that the induction of role for HB9 in maintaining the differentiated properties Isl2 and HB9 by MNR2 involves the cooperation of Isl1.
of somatic motor neurons at times after MNR2 expression has been extinguished.
MNR2 Acts Upstream of Lim3 in the Specification of Somatic Motor Neurons
During normal somatic motor neuron differentiation, Lim3 Expression in the Absence of MNR2 Lim3 and MNR2 are expressed by ventral progenitors Is Sufficient to Induce the V2 at a similar developmental stage ( Figures 2J and 2K) .
Interneuron Fate To determine the hierarchy of MNR2 and Lim3 activity, Lim3 is also expressed by V2 neurons and appears prior we misexpressed Lim3 and assayed the resulting patto the V2 marker Chx10 (Ericson et al., 1997) . We theretern of homeodomain protein expression. Lim3 did not fore examined whether Lim3 has a role in the differentiainduce MNR2 or Isl2 (Figures 7A-7E ) nor did it increase tion of this interneuron subtype. To test this, we examthe number of dorsal Isl1 ϩ neurons ( Figures 7D and 7E) .
ined the pattern of Chx10 expression in the spinal cord of However, there was a very low incidence of ectopic Lim3-infected embryos. Misexpression of Lim3 induced HB9 ϩ neurons in the dorsal spinal cord of Lim3-infected Chx10 in Cyn1 ϩ neurons located at both dorsal and embryos ( Figures 7D and 7E ) confined exclusively to extreme ventral regions of the spinal cord, adjacent to cells that coexpressed Isl1 ( Figure 7D ; data not shown).
the floor plate (Figures 7F and 7G ; data not shown) but The restriction of ectopic HB9 expression to dorsal not in somatic motor neurons ( Figure 7G ). These results Isl1 ϩ neurons in Lim3-infected embryos raised the possuggest that the expression of Lim3 in cells devoid of sibility that the coordinate activities of Lim3 and Isl1 are MNR2 activity is sufficient to direct the differentiation sufficient to induce HB9 expression. To test this, we coinfected embryos with 
Discussion
progenitors is a key step in somatic motor neuron development, specifying ventral cells as motor neuron progenitors. Graded Shh signaling appears to control the identity of neuronal subtypes in the ventral neural tube. The presAt what step in the pathway of somatic motor neuron differentiation does MNR2 act? MNR2 is expressed by ent studies show that Shh induces the expression of a homeodomain protein, MNR2, in motor neuron progeniventral progenitor cells ‫5-4ف‬ hr prior to the generation of the first postmitotic motor neurons, and the cell cycle tors and that the expression of MNR2 is sufficient to time of ventral progenitor cells is ‫8ف‬ hr (Langman et al., direct somatic motor neuron differentiation. Thus, MNR2 1966) . Thus, it appears that MNR2 expression is initiated expression appears to be a critical output of Shh signalduring the final division cycle of motor neuron progeniing in the pathway of somatic motor neuron generation.
tors. The onset of MNR2 expression by motor neuron We discuss these findings in the context of the Shh progenitors coincides with the time that they attain indesignaling pathways involved in neuronal fate determinapendence of Shh signaling (Ericson et al., 1996) . This tion and the control of progenitor cell identity and comobservation and the ability of MNR2 to activate its own mitment in the vertebrate CNS.
expression provide a potential molecular basis for the transition of Shh-dependent ventral progenitor cells into
MNR2 Expression Specifies Somatic Motor
Shh-independent, committed somatic motor neuron Neuron Progenitors progenitors. Shh signaling is required for the generation of somatic MNR2 is induced rapidly by Shh, prior to the expresmotor neurons, but the downstream steps in this develsion of other somatic motor neuron transcription factors. opmental program have not been resolved. Somatic moIt is unclear, however, whether MNR2 is a direct target tor neurons derive from Pax6 ϩ progenitor cells, yet Pax6 for the conserved Hedgehog (Hh) signal transduction itself appears to be required only indirectly for somatic pathway mediated by the Ci/Gli class of transcription motor neuron generation (Ericson et al., 1997) . Our refactors (Ingham, 1995 (Ericson et al., 1997) , suggesting that Nkx2.2 or related Nkx genes (Pabst et al., 1998) promote visceral motor neuron identity.
Lim3 and Isl1 appear to cooperate in certain of the downstream steps of somatic motor neuron differentiation, their actions being sufficient to induce HB9 but not Isl2. Indeed, biochemical evidence indicates that Isl1 neurons and thus may function to maintain somatic motor neuron properties after the expression of MNR2 has Lee et al., 1997; Ding et al., 1998; Matise et al., 1998) , been extinguished. but it is uncertain whether they are also involved directly
The expression of Lim3 in a cellular context devoid in the generation of motor neurons.
of MNR2 results in the activation of Chx10, a definitive marker of V2 neurons. Lim3 may therefore function in MNR2 and the Transcriptional Hierarchy of Motor the normal program of generation of both somatic motor Neuron Differentiation neurons and V2 neurons. Misexpression of MNR2 in The expression of MNR2 in neural progenitor cells apthe V2 interneuron domain represses the expression of pears sufficient to induce somatic motor neurons. MoreChx10 while promoting somatic motor neuron differentiover, the ability of MNR2 to direct motor neuron differenation. Thus, the restriction in the domain of MNR2 extiation appears to be independent of the position of pression imposed by graded Shh signaling may underlie progenitor cells within the neural tube. Most strikingly, the decision of ventral progenitors to differentiate into MNR2 promotes somatic motor neuron differentiation somatic motor neurons or V2 neurons. both in ventral progenitors that have been exposed to inadequate levels of Shh and in dorsal progenitor cells MNR2 Functions in Conjunction with an that have been exposed to BMP signals (Liem et al.,
Independent Neurogenic Program 1997). Since exposure of progenitors to BMPs inhibits
The activity of MNR2 in inducing somatic motor neuron motor neuron generation (Basler, et al., 1993) , these differentiation appears to operate within the context of findings implicate MNR2 as a determinant of somatic a broader program of neurogenesis. Ectopic MNR2 inmotor neuron identity.
duces the expression of Lim3 in progenitor cells but MNR2 appears to function upstream of a set of LIM induces Isl1, Isl2, and HB9 only in postmitotic neurons, homeodomain transcription factors that cooperate to consistent with the normal temporal appearance of specify somatic motor neuron identity (Figure 8 ). Lim3 these proteins in somatic motor neurons. Thus, neural is expressed soon after MNR2 in motor neuron progeniprogenitors appear unable to express postmitotic sotors. Ectopic expression of MNR2 induces Lim3 expresmatic motor neuron markers, even though MNR2 is exsion, but Lim3 does not induce MNR2, suggesting that pressed precociously in these cells. MNR2 functions upstream of Lim3 in motor neuron pro-
The timing of differentiation of vertebrate neurons apgenitors. However, Lim3 is also expressed by V2 neupears to be controlled by the sequential activation of rons that appear to derive from MNR2 Ϫ progenitors, basic HLH proteins with neurogenic properties (Anderimplying the existence of an MNR2-independent pathson and Jan, 1997; Lo et al., 1998) . The expression of way for the activation of Lim3 expression. This parallel certain of these bHLH genes is initiated at the time that pathway could also operate in somatic motor neuron progenitor cells exit the cell cycle and acquire overt progenitors.
neuronal character (Begley et al., 1992; Roztocil et al., MNR2 efficiently induces the expression of Isl1 in spi-1997 ). An independently regulated program of expresnal neurons. The induction of Isl1 may be a key step sion of neurogenic bHLH proteins might therefore limit in somatic motor neuron differentiation, since the later the ability of MNR2 to induce the expression of Isl1, Isl2, appearance of Isl2 and HB9, transcription factors speand HB9 to postmitotic neurons. cific to somatic motor neurons, appears to require the expression of Isl1. The role of Isl1 inferred from these gain-of-function studies is consistent with the loss of A Single Transcription Factor Specifies an Individual Neuronal Subtype somatic motor neuron differentiation in mice lacking Isl1 function (Pfaff et al., 1996) . Isl1 is also required for the Our results provide some insight into the question of whether neuronal subtype identities in the developing generation of visceral motor neurons (Pfaff et al., 1996 traub, 1993; Halder et al., 1995; Chen et al., 1997; Pignoni were also generated against MNR2 and HB9. Rabbit anti-Brn3.0 (Fedtsova and Turner, 1997) and guinea pig anti-Isl1/2 (Morton and et al., 1997). Our results indicate that one neuronal sub-T. M. J., unpublished data) were also used. For other antibody retype generated in the vertebrate CNS, somatic motor agents, see Ericson et al. (1997) and Liem et al. (1997) . Immunohistoneurons, can similarly be specified by the actions of a chemistry was performed as described . Dousingle homeodomain transcription factor, MNR2. Moreble-and triple-label analyses were performed with a Bio-Rad 1024 over, in a neuronal context devoid of MNR2 activity, confocal microscope using Cy3, Cy5, and FITC-conjugated secondary antibodies (Jackson). In situ hybridization was performed as Lim3 appears sufficient to specify V2 interneuron fates.
described (Schaeren-Wiemers and Gerfin-Moser, 1993; Tsuchida et The differentiation of floor plate cells can also be special., 1994) using MNR2 and ChAT probes. The fied by a single transcription factor, the winged helix 3Ј noncoding MNR2 probe was the 300 bp SmaI-EcoRI fragment.
protein HNF3␤ (Ruiz i Altaba et al., 1993 Sasaki and Hogan, 1994) .
BrdU Incorporation into Neural Neurons
The identification of transcription factors that direct , 1996) . Embryos cific pathways of neuronal differentiation in the absence were incubated for 1 hr before analysis.
of constraints imposed by their prior developmental history.
